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I. INTRODUCTION
can be fitted [5] or measured. [6, 7] A more insightful approach is to derive the carbon activity using the Gibbs energy of LOW-CARBON, low-alloy steels are often used in the alloy carbides. So far, only (Cr, Fe) 3 C, (Cr, Fe) 7 C 3 , and power plants or in the petrochemical industry. These steels (Cr, Fe) 23 C 6 have been considered in HA models, [6, 7, 8] and mainly contain Cr, Mo, or V as significant alloying elements these carbides were described by the regular solution model and their desired microstructure is a bainitic one (ferritic using the thermodynamic data given in Reference 9. The matrix plus alloy carbides). In case of hydrotreating and Cr-rich carbides M 7 C 3 and M 23 C 6 of a 2.25Cr-1Mo steel hydrocracking processes and similar applications, these also contain Mo, which has not yet been addressed. Another steels are in contact with hydrogen and sometimes suffer missing element of these models are the Mo-rich carbides from hydrogen attack (HA). This is a typical intergranular M 6 C and M 2 C, which also occur in 2.25Cr-1Mo. [7] Furtherfailure phenomenon caused by high hydrogen pressures at more, Cr-Mo steels are often modified with V (for example, elevated temperatures. The hydrogen molecules in the gas modified 2.25Cr-1Mo and modified 3Cr-1Mo), which has atmosphere dissociate and the hydrogen atoms diffuse into also not been taken into account in these HA models. the steel. Some get trapped at discontinuities occurring
The thermodynamic data used in the former HA models mainly between grain boundary carbides and matrix. There, are 20 years old. [9] In the meantime, sublattice models [10, 11] the hydrogen reacts with the carbon in the steel to generate have been established and thermodynamic parameters determethane. The methane molecules are too large to diffuse mined. In particular, the relevant carbide types (including through the steel, so they are captured inside the nucleated the Mo-rich carbides) in the five-component system Fe-Crcavities. Consequently, an internal pressure is built up in the Mo-V-C have been modeled by sublattice models, and their cavity, which drives growth of the cavity. The deformation thermodynamic parameters are available in the literature. In mechanisms involved during cavity growth are grain boundthis article, we take the thermodynamic parameters from ary diffusion and dislocation creep. The cavities grow until various sources [12] [13] [14] [15] [16] and use them to calculate the methane coalescence, when micro cracks are formed along the grain pressures for different microstructures. A further improveboundaries, which link up and finally lead to intergranular ment over previous HA models is that we derive the partial failure. [1, 2, 3] Gibbs energies of the metals Cr, Mo, V, and Fe in the ferritic It has been long recognized [4] that knowing the methane phase from a two-sublattice model for ferrite instead of pressure is of crucial importance for predicting HA lifetimes simply assuming or estimating the activity coefficients for as this is the main driving force for cavity growth. The Fe, Cr, Mo, and V. susceptibility to hydrogen attack is determined by the microOnce the equilibrium pressures are known, estimates of structure of the steel, especially by its alloy carbides M x C y .
the HA lifetime can be made by using models to describe The equilibrium methane pressure can be calculated by therthe growth of voids. Previous work, [3, 8, 17, 18] however, has modynamics. As a first approach, the activity of carbon a C neglected the fact that as methane is being generated inside the cavities, the average carbon content of the steel decreases. As the C content affects the creep resistance, this this article that includes the influence of decarburization on for the volume of one mole of methane. Then, f CH 4 can be directly related to the methane pressure p CH 4 by cavity growth.
Section II describes how to calculate the methane pressure f CH 4 ϭ p CH 4 exp {C(T )p CH 4 } [7] for different carbides. Section III gives the relations for the reduction of the carbon content as a function of methane
The values for the temperature-dependent coefficient C(T ) pressure, damage state and grain size while Section IV sumare also taken from Reference 19, and are given in the marizes the void growth relations used here. In Section V, Appendix. the relations from Sections II through IV are applied to
The metals Cr, Mo, V, and Fe do not form separate phases compute methane pressure, evolution of the carbon content, but are dissolved in the ferritic matrix. Therefore, we cannot and cavity growth in various microstructures. All thermodysimply employ their standard Gibbs energies. We have to namic data available at this stage are summarized in the derive the partial Gibbs energies (equivalent to the chemical Appendix for the convenience of HA modelers. potentials) of Cr, Mo, V, and Fe in the ferrite (bcc), which contains the substitutional elements Cr, Mo, and V and the interstitial alloy element C. The starting point is the Gibbs II. METHANE PRESSURE energy of the ferrite in the Fe-Cr-Mo-V-C system, which The methane pressure stems from the reaction of carbides can be described with a two-sublattice model. [10] It is with the hydrogen and depends on the various phases in the assumed that Fe, Cr, Mo, and V substitute each other on a steel. In the case of an alloy carbide M [5] data are given in the Appendix, together with the magnetic contribution G mag to the Gibbs energy according to the model According to Reference 19 , one can approximate the equadescribed in Reference 20. The value of G mag depends on tion of state for methane through the expression the critical temperature of magnetic ordering T C and ␤, which is related to the total magnetic entropy.
From Eq.
[8], we derive the partial Gibbs energies of the substitutional elements i (ϭ Cr, Mo, V, or Fe) in ferrite as defined for a phase with several sublattices: [11] for the molar compressibility Z(p CH 4 the cavity, but we thus arrive at a conservative estimate. In The Gibbs energy of the reacting carbide depends on its this approach, we neglect kinetics and also a possible change crystal structure, composition, and temperature. M 7 C 3 can be of the composition of the ferrite due to dissolution of modeled with the two-sublattice model. The first sublattice is carbides. occupied by Cr, Mo, V, and Fe (site fractions y Cr , y Mo , y V , For a better comparison with previous calculations of the and y Fe , respectively), while the second one is completely methane pressure [5, 6, 7] we also use the relations mentioned filled with carbon. If it is assumed that during HA the compopreviously to derive the carbon activity a C . The chemical sition of the carbide does not change, the chemical potential potential C of C is given in terms of its activity a C by of the carbide is equal to the Gibbs energy of 1 mole formula The same procedure as mentioned previously is repeated Appendix. M 6 C is modeled by four sublattices with an occuhere: computing the individual chemical potentials of Cr, pation ratio of 2:2:2:1.
[13] The first sublattice is fully occuMo, V, and Fe with Eq.
[9] and that of the carbide with Eq. pied by Fe, the second one by Mo, the third one by Fe, Mo,
[10] and inserting them into Eq. [12] . Cr, and V, and the fourth fully by carbon. The hexagonal carbide M 2 C is not necessarily stoichiometric, which means that not all possible sites for carbon are actually occupied III. DECARBURIZATION by carbon atoms. Because the M 2 C carbides in the ternary Hydrogen attack is a complex physical-chemical-mechansubsystems Fe-Mo-C and Fe-V-C were found to be almost ical phenomenon, involving a number of processes. Simultacompletely stoichiometric, [21] we treat M 2 C as a stoichiometneous with hydrogen diffusion and cavity nucleation, ric compound with two sublattices, where the first one concarbides dissolve and carbon atoms diffuse to the cavities tains Mo, Cr, V, and Fe and the second one C. [13] More where they react with the hydrogen to form methane. Due details can be found in the Appendix.
mainly to the methane pressure, the cavities grow by grain If the actual composition of the carbide and the ferritic boundary diffusion and dislocation creep. It is generally matrix, the hydrogen pressure, and the methane pressure are assumed [2, 4] that all steps involved in the methane reaction known, one can substitute them together with the thermodyare much faster than the cavity growth process. Then, the namic data (given in the Appendix) in Eqs. [4] , [5] , [9] , and methane pressure can be treated as being decoupled from [10] to obtain the chemical potentials of H 2 and CH 4 in the cavity growth and p CH 4 can be computed as an equilibrium gas phase, of Fe, Cr, Mo, and V in the solid solution ferrite, pressure as described in Section II. However, at least one and of the carbide. Knowing these values, one can calculate potentially important coupling remains: due to the methane ⌬G, the driving force for the methane generation (Eq. [1] ).
formation, the carbides partly dissolve, resulting in a decarbThe compositions of the carbides and of the ferrite of the urization of the grain material, which may significantly affect exposed steel can be measured. As there is a surplus of the creep resistance against cavity growth. Therefore, in this hydrogen in the surrounding atmosphere and the hydrogen section, we consider this decarburization in closer detail. atoms diffuse very quickly, the partial pressure of hydrogen Sufficiently many carbon atoms have to react with the inside the cavity will correspond to its pressure outside.
hydrogen atoms to build up the equilibrium methane The methane pressure inside the cavities is not accessible pressure p CH 4 in a cavity. The necessary amount of carbon experimentally and has to be calculated. In general, this is per cavity, n with M C being the molecular weight of carbon. Using Eq. when one asks at which methane pressure the reaction will [6] , we can calculate m cav C as follows: stop when the carbides and the ferritic matrix possess the measured composition (which may deviate from the equilibrium composition). This means that we calculate the chemim
[13] cal potentials (partial Gibbs energy) of Fe, Cr, Mo, and V Fig. 2 -Spherical cap-shaped cavities on a grain boundary facet with tip angle . The radius of the cavity is a and its spacing to the neighboring cavity is 2b. Fig. 1 -Schematic view of a grain with an average facet radius of R I before and after hydrogen attack. Its average carbon content c C originating from carbides and ferrite is visualized by the gray scale. During HA, carbides dissolve and carbon atoms diffuse to cavities with an average spacing of 2b.
IV. VOID GROWTH RELATIONS
It has long been recognized (e.g., Reference 17) that the cavities filled with the hydrogen-methane gas mixture grow In the neighborhood of the cavity, some carbides dissolve by two simultaneous mechanisms: (1) surface and grain and their carbon atoms diffuse through the ferritic matrix to boundary diffusion and (2) creep of the grain material. Early the cavity to react with the hydrogen. Therefore, the carbon works on HA damage [3, 17, 18] have essentially combined the content in the neighborhood of a cavity decreases and so classical Hull-Rimmer [24] model for cavity growth by grain does the average carbon content of the grain material. Before boundary diffusion with a simple ad hoc correction to the steel is attacked by the hydrogen (Figure 1 ), a grain account for the contribution by creep. More recently, Van der occupying a volume V g and total mass m 0 ϭ V g contains Giessen et al. [25] have performed a more thorough analysis a certain mass of carbon, m For simplicity of the analysis, it is assumed that all grain boundary facets are attacked in an identical way, so that we need to consider only a single family of cavities with a
radius a, a tip angle , and a spacing of 2b ( Figure 2 ). Available experimental evidence for 2.25Cr-1Mo steels To be more specific, we approximate the shape of the shows [26] that cavities retain a near-equilibrium shape with grains by truncated octahedra of the same size. [22] When such a tip angle that is maintained at roughly the same value by a truncated-octahedral grain with an average facet radius R I virtue of surface diffusion on the inner surface of the void is taken to be attacked uniformly with an average half-cavity being much faster that grain boundary diffusion. The volume spacing b (Figure 1) , it can be shown that the number of of any cavity, given by cavities N cav of one grain and the volume of a grain V g are related to the average facet radius R I by the following
relations:
cos ͬͲ sin is then directly related to the void size a, so that the rate of In the results to be presented, these relations have been change of the cavity size can be immediately expressed in employed in Eq. [14] to obtain the actual carbon content of terms of the volumetric growth rate V according to the grain.
Equations [14] and [15] show how methane pressure 4 and cavity volume V cav determine the average carbon According to Reference 25, the volumetric growth rate can content of a grain. Section IV will discuss how the cavity be split up into a volumetric growth rate due to the diffusion volume evolves during the HA process in response to the of matter into the grain boundary, V cav diff , and a contribution methane pressure, thus allowing monitoring of the accomparesulting from creep flow in the adjacent grains, V cav cr : nying decrease of the carbon content. Because the carbon content in 2.25Cr-1Mo steels significantly affects the creep
[18] properties, [23] the creep resistance will evolve during HA. As we will see subsequently, a closed-loop coupling arises where the two contributions depend on the cavity geometry and the driving stresses for void growth. because of the void growth being dependent on creep. We here consider cases only where the internal gas pres- tion between creep and diffusive contributions is negligible. [25] The volumetric growth rate due to diffusion is then given by
Here, Ᏸ is the temperature-dependent diffuWe apply the thermodynamic relations and data described sion parameter, defined by Ᏸ ϭ D B ␦ B ⍀/kT in terms of the in Section II and in the Appendix to calculate the methane boundary diffusivity D B ␦ B and the atomic volume ⍀ . The pressure in a standard 2.25Cr-1Mo steel with bainitic microexpression [20] accounts for the effects of surface energy structure at 720 K, which is about the maximum operating ␥ s and of surface tension T s .
temperature of reactors filled with hydrogen. To obtain the The creep contribution V cav cr is taken to correspond to the methane pressure, we need the composition of the carbides growth of a hole in an incompressible power-law creeping and the ferritic matrix as input data. We will take advantage solid. That is, grain anisotropy is neglected and the grain here of a microstructural investigation performed by Chao material is assumed to behave according to the power law et al. [7] on standard 2.25Cr-1Mo steel with 2.5 at. pct Cr, ϭ B n , B ϭ 0 / n 0 [21] 0.6 at. pct Mo, and 0.6 at. pct C (0.13 wt pct C). Table  I shows the results of their carbide characterization. Four when subjected to a uniaxial stress . The creep exponent different types of carbides have been found in this steel, n is assumed to be a constant, but B is temperature dependent.
namely, M 7 C 3 , M 23 C 6 , M 6 C, and M 2 C. Furthermore, they Growth of a hole by creep depends sensitively on the stress measured a chromium content in the ferrite of 1.7 at. pct. triaxiality in general. In the present case of purely hydrostatic Unfortunately, the molybdenum content is not reported. internal pressure p m (corrected for the surface tension T s ), However, one can estimate the composition of the ferrite. the volumetric growth rate expressions of Reference 8 simDue to the low solubility of carbon in ferrite, the ferrite plify to will contain nearly no carbon atoms, and will therefore be neglected for the sake of this analysis. First, the relative V cav cr ϭ 2 m a 3 h() [22] volume fractions of the carbides given in Table I are transferred into relative mole fractions by means of the volume
We use the following values for V per metal atom: 13.75 Å 3 for M 7 C 3 , [27] 13.13 Å 3 for M 23 C 6 , [27, 28] 18.44 Å 3 for M 2 C, [27, 28] and 15 Å 3 for M 6 C with (estimated). Applying these values, we obtain the following
relative mole fractions of the carbides: 32 pct M 7 C 3 , 6 pct M 23 C 6 , 9 pct M 6 C, and 53 pct M 2 C. By knowing the mole The relative contributions of diffusion and creep to void fractions of the carbides relative to each other and their growth are conveniently weighted through the length composition, one can calculate how much Cr and Mo is parameter [25] bounded in the carbides when all carbon of the alloy is consumed by the carbides. [23] are then subtracted from the alloy composition. In this way, we estimate a Cr content of 1.8 at. pct and a Mo content of Large values of L m compared to, for instance, the cavity spacing b indicate that growth is dominated by diffusion, 0.3 at. pct. As the estimated Cr content is close to the measured one (ϭ1.7 at. pct), we have faith in the estimated while smaller values correspond to increasing contributions by creep deformations.
Mo content. So, the following values for the site fractions of ferrite in standard 2.25Cr-1Mo steel are substituted into Following earlier work, [8, 18] we assume that nucleation of the cavities takes place in the beginning of the HA process Eq.
[9]: y Cr ϭ 1.7 at. pct, y Mo ϭ 0.3 at. pct, and y C ϭ 0.0 at. pct. over a time scale that is much shorter than the total lifetime. Hence, the half-cavity spacing b can be taken as a constant. Figure 3 shows the equilibrium methane pressures at 720 K calculated with these data for the various carbides with Given the hydrogen and methane pressure and the current cavity size a, we can then compute the instantaneous growth compositions according to Table I when they are exposed to different hydrogen pressures. Among the four different rate of a cavity from Eq. [17] by substitution of the volumetric growth rate expressions [18] through [22] . The complete carbide types, M 7 C 3 is the most unstable one, leading to a methane pressure of 210 MPa at a hydrogen pressure of 20 evolution from some initial cavity radius a I is simply obtained by time integration until a critical value of a/b at MPa. As explained in Section II, one can also calculate the involved carbon activity a C . In the case of M 7 C 3 , we find which cavity coalescence takes place (here taken to be a/b ϭ 0.7).
a C ϭ 0.026, while M 6 C and M 23 C 6 have a carbon activity Table I . sensitive to the composition of the ferrite, [6] especially when Mo carbides (M 6 C and M 2 C) are involved. Therefore, we demonstrate the effect of various Mo compositions of the Table I. with 1.7 at. pct Cr but with the Mo content varying from 0.3 to 0.6 at. pct. Due to dissolution of M 6 C during HA, the Mo amount can increase from its initial value (0.3 at. pct) and approach the alloy composition 0.6 at. pct. According of 0.021 and 0.013, respectively. The lowest methane pressure is predicted for M 2 C, with an activity of just 0.003.
to Figure 5 , the methane pressure at a hydrogen pressure of 20 MPa then drops from 210 to 80 MPa. Consequently, it To investigate the susceptibility to HA, autoclave tests are often performed at higher temperatures. Therefore, we is important to know the actual composition of the ferrite. New steel grades are often modified with V in order to repeated the calculations for 873 K and the resulting methane pressures are shown in Figure 4 . Comparison with Figure improve their resistance to HA and creep. Therefore, we study the effect of adding V to a 2.25Cr-1Mo steel on the 3 shows that the methane pressure decreases with increasing temperature, while the stability of the carbides relative to methane pressure. A modified 2.25Cr-1Mo steel contains the carbides M 7 C 3 , M 2 C, and MC with the composition given each other changes too. At 873 K, M 6 C is the most unstable carbide (a C ϭ 0.33), followed by M 2 C (a C ϭ 0.10) and in Table II . [29] In the same way as described previously, we estimated the matrix composition of the modified steel with M 7 C 3 (a C ϭ 0.09), while M 23 C 6 now gives the lowest methane pressure (a C ϭ 0.06). Chao et al. [7] also measured the the alloy composition of 2.54 at. pct Cr, 0.6 at. pct Mo, 0.3 at. pct V, and 0.55 at. pct C. For MC, we use the value carbon activity of their steel at 823 K and found a value of approximately 0.13. Our calculations predict similar carbon V ϭ 18 Å 3 . [27] We then obtain the following relative mole fractions: 41 pct M 7 C 3 , 15 pct M 2 C, and 44 pct MC, and activities for a 50 deg higher temperature. Parthasarathy and Shewmon [6] investigated the carbon activities of standard the estimated composition of the ferrite is y Cr ϭ 2.0 at. pct, y Mo ϭ 0.5 at. pct, y V ϭ 0.17 at. pct, and y C ϭ 0.0 at. 2.25Cr-1Mo steels with different tempering conditions. At 823 K, the measured activities range from 0.35 to 0.07. pct. Figure 6 shows the resulting methane pressure for the carbides M 7 C 3 and M 2 C at 720 K. Due to the addition of Nomura and Sakai [5] applied carbon activities of 0.1 and 0.04 in their model. Furthermore, they assumed the carbon V, the methane pressure decreases, which can be seen when we compare Figure 6 with Figure 3 . The carbon activity activities to be temperature independent.
The resulting methane pressures are known to be quite decreases from 0.026 to 0.017 in case of a V containing Table II. only the ratio B ϭ ⑀ 0 / n 0 is relevant, Figure 7 shows the used dependence of B on c C , normalized by the value of the initial M 7 C 3 , and from 0.003 to 0.001 for M 2 C. This confirms that (undamaged) microstructure B norm ϭ B(c 0 C ϭ 0.13 wt pct). V improves the resistance to HA.
The dash-dotted line signifies the region (c C Ͻ 0.009 wt All results presented so far refer to the case that the ferrite pct) where we extrapolate beyond the experimental data of possesses no carbon ( y C ϭ 0). We have chosen to adopt this Klueh [23] by using the described function 0 (c C ) until values approximation because the ferrite possesses a low solubility for B are reached, which are comparable to the creep data of carbon and we do not know the actual value of y C . The given in Reference 30. relationships given in Section II and in the Appendix do As mentioned in Section IV, we assume that all cavities depend on y C , which allows us to study the influence of y C are present from the beginning. This assumption is consistent on the methane pressure. For y C ϭ 1.5 ϫ 10 Ϫ4 , the methane with the findings by Lopez and Shewmon [28] of the presence pressures increase less than 5 pct compared to the ones for of submicron voids of 0.04 m after tempering of 2.25Cr-y C ϭ 0 presented in the Figures 3 through 6 . In fact, y C ϭ 1Mo steel. Based on this, we use a value of 0.02 m for 1.5 ϫ 10 Ϫ4 corresponds to 0.01 wt pct of C dissolved in the initial radius of the cavities. The half-cavity spacing b ferrite, which is probably too high to be reached in the type ranges from 4 to 8 m. [3] First, we investigate the damage of steels considered here.
process for the case that b is equal to 4 m. We use the void growth relations [18] through [22] to calculate the change of the radius a with time t. While the volume of the B. Decarburization Coupled with Void Growth voids increases, the carbon content in the grain decreases and the creep resistance decreases in accordance with Figure As already explained in Section A, the methane pressure is calculated independently and serves as an input parameter 7. According to Eqs.
[14] and [15] , the actual carbon content c C of the attacked grain depends on its size, which scales in the void growth relations. We study the void growth of the standard 2.25Cr-1Mo steel with c 0 C ϭ 0.13 wt pct C at with the average facet radius R I . We vary R I (16, 24, and 32 m) while keeping b constant (4 m), which leads to a hydrogen pressure of 18 MPa at 720 K. Under these conditions, M 7 C 3 is the most unstable carbide. As shown in different degrees of decarburization resulting in different creep properties. Figure 8 shows the simultaneous time evo- Figure 3 , the methane pressure is 192 MPa, so that void growth is driven by an internal gas pressure p m of 210 MPa.
lution of void radius a and carbon content c C for the various R I . The three void growth curves are signified by B(c C ) to To be able to calculate the carbon content with Eqs. [13] and [14], we need the values of the molecular weight of emphasize that the creep properties depend on the changing carbon content c C . The void growth curves of R I ϭ 24 carbon M C and the density of Fe; we take M C ϭ 12.01 g/mol and ϭ 7.87 ϫ 10 6 g/m 3 . The cavity tip angle is m and of R I ϭ 32 m almost coincide and also the one corresponding to R I ϭ 16 m only deviates a little in the 78.5 deg. [3] The grain boundary diffusion parameter Ᏸ(T ) is taken as 1.32 ϫ 10 Ϫ35 m 5 /(N s) at T ϭ 720 K. [3] Following latest damage stage. Because small-grained material possesses relatively more facets, the decarburization increases References 6 and 26, a value of 1 J/m 2 is used for ␥ s , while T s is taken to be 0. The creep parameters of 2.25Cr-1Mo for with decreasing grain size, but this hardly influences the void growth. When instead, we leave the creep properties Eq. [22] are determined by Klueh, [23] who performed creep tests on 2.25Cr-1Mo steels with 0.009, 0.030, 0.12, and unchanged during void growth (B ϭ B norm ), we obtain the same void growth curve as shown for R I ϭ 32 m. In 0.135 wt pct C. We can reproduce the measured creep rates of 2.25Cr-1Mo steels for different amounts of C quite well order to get a feeling for the maximum possible effect of an enhanced creep capacity due to decarburization, we repeat by assuming 0 in Eq. [21] to depend on the logarithm of the average carbon content c C as 0 (c C ) ϭ 985.7 ϩ 170.9 the analysis with creep parameters that correspond to a steel without carbon, from the beginning on. The resulting curve log c C (MPa), while the other parameters are kept constant: n ϭ 8.5 and ⑀ 0 ϭ 5.5556 ϫ 10 Ϫ8 s Ϫ1 at T ϭ 720 K. Because is referred to as B(0) in Figure 8 . It only deviates from the MPa until the carbon content is equal to zero. After total decarburization, The curves marked by B(c C ) are for cases where the creep properties depend the methane pressure is decreasing as no new methane can be generated on the current carbon content. For B(0), the creep properties correspond anymore. to those of the totally decarburized steel during the entire process. during void growth. Now, decarburization is more pronounced because the voids have to grow much larger before they coalesce. Due to an increase of log (b/L m ) of 0.30, creep is somewhat more important than in the previous cases, which is revealed by the difference between the two curves B(0) and B(c 0 C ) shown in Figure 9 . Therefore, the change of the creep properties according to the actual carbon content now does affect void growth, which can be seen in Figure  9 . Especially, the cavities on smaller grains (R I ϭ 16 m) grow faster at a later stage of the process.
A closer look at Figure 9 reveals that accelerated growth only becomes significant after total decarburization. However, one has to be careful with the interpretation of this result because these calculations are performed with a constant cavity pressure during the entire damage process. When all the carbon of the steel has already reacted and the cavities as a function of the cavity volume by solving p CH 4 from Eq. [13] . Using this procedure, we have repeated the cases shown in Figure 9 . The results shown in Figure 10 show that total decarburization still occurs first in the material with the other curves near the later damage states. This tells us that cavitation is effectively dominated by grain boundary diffusmall grain size, but that the rapid void growth does not continue as in Figure 9 . This is caused by the fact that the sion and that the deformation mechanism dislocation creep plays an unimportant role. At the early stages of cavitation, methane pressure decreases quite quickly. While the cavity grows from 3.9 to 4.5 m, the methane pressure decreases grain boundary diffusion is always the faster deformation mechanism, but, depending on the material parameters and from the original 192 to 92 MPa, which significantly slows down further void growth. For larger grains, total decarburithe conditions, creep may accelerate the growth significantly during later stages. Earlier studies [8, 25] have shown that cavization and the decrease of the methane pressure occur at a later damage state. Then, however, the contribution of creep tation is completely diffusion dominated when log (b/L m )is smaller than Ϫ2 or so, while values greater than ϩ2 lead is higher because the creep contribution V 
all the carbon available in the steel has to react to maintain the calculated equilibrium methane pressure. This implies comparison of Figure 8 with Figure 9 . When we make the comparison for the same void radius a, a bigger spacing b that due to accelerated void growth before coalescence, dissolution of carbides and the reaction of C with hydrogen leads to less decarburization because there are fewer cavities at the grain boundaries (Eqs. [14] and [15] with N cav proporare required to occur very rapidly, but it is not clear if this is possible. Furthermore, the predicted severe decarburizational to b Ϫ2 ). When we are interested in the decarburization at the same damage state characterized by a/b, the picture tion has not been observed in standard 2.25Cr-1Mo steels. This seems to indicate that the methane pressure cannot be changes. Then, decarburization increases with increasing b due to the fact that a is proportional with b at the same kept constant during void growth. Instead, dissolution of carbides, diffusion of carbon to the cavity and their reaction damage state (Eqs. [14] and [15] with N cav m cav C proportional to (a/b) 2 a). It has to be noted that the expressions [13] are likely to become controlling, especially in the later damage state. To confirm this, a much more elaborate investigathrough [16] are based on the assumption that all grain facets are cavitated homogeneously. If cavities only occur at some tion is required in which the various processes involved in hydrogen attack are considered as coupled. facets, the overall decarburization should be expected to be less. However, this cannot be quantified with the present model, because inhomogeneous cavitation requires internal APPENDIX stress redistribution, so that the local stress state does not need to be hydrostatic as is assumed in the void growth
In this Appendix, all used thermodynamic relations and data are summarized to allow HA modelers to trace back model in Section IV (cf . References 4 and 31) . the data easily. First, each phase is characterized by its Gibbs energy G m per mole of formula unit, which depends VI. CONCLUSIONS on its site fractions y i , on the 0 G values, and on the interaction The modeling of hydrogen attack requires the knowledge parameters L. Then, the values of 0 G and L are given in of the methane pressure, which is determined by the J/mol as a function of the temperature T. All numbers are operating conditions and by the microstructure of the steel.
in SI units with R ϭ 8.31451J/(mol K). All the 0 G values As Cr-Mo steels modified with V are in service in many are related to the enthalpy H of selected reference states for installations, the five-component system Fe-Cr-Mo-V-C is the elements at 298.15 K. This state is denoted by SER of significant practical interest. The phases in such steels (stable element reference). Most values are taken from the can be described with the sublattice model. The analysis in literature. In cases where we could not find any references this article has used thermodynamic data of the carbides (e.g., Methane CH 4 : [6, 19] for hydrogen attack modelers. The developed thermodyGibbs energy of formation of 1 mole CH 4 : namic model is suitable to compute the methane pressure
,120 Ϫ 65.35T ϩ 51.25T log T in standard and modified 2.25Cr-1Mo steels. The resulting equilibrium methane pressures are predicted to be quite senwhere 0 G gra C is the Gibbs energy of 1 mole graphite at a sitive to the carbide type and to the composition of carbide temperature T. and ferrite.
f CH 4 ϭ p CH 4 exp {C(T )p CH 4 } The computed methane pressure for 18 MPa hydrogen pressure in standard 2.25Cr-1Mo steel at 720 K ( p CH 4 ϭ with [19] 192 MPa) has been employed as an input parameter in a model for void growth due to grain boundary diffusion and C(T ) ϭ 0. Ferrite bcc: [12] [13] [14] [15] The analyses carried out in this article are in the same spirit Two sublattices, sites 1:3 as most previous HA model calculations [2, 4] in assuming Constituents: Cr, Mo, V, Fe: C, Va that void growth and methane generation can be treated as decoupled processes with void growth being the rate G 
The site fractions y i are related to the mole fractions x i in ϩ y Fe [(1 Ϫ y C )( y Fe Ϫ 2y V ) ϩ the following way: [12, 15, 16] 
Mo:C (T ): 
